Introduction
Influenza A virus (IAV) non-structural protein 1 (NS1) is a highly expressed multifunctional protein playing important roles in viral replication (Hale et al., 2008) . It is composed of an N-terminal RNA binding domain (RBD, residues 1-73) and a C-terminal effector domain (ED, residues 74-230) (Qian et al., 1995; Hale et al., 2008) . While the ED interacts with various host cell proteins, the RBD is also able to bind different RNA species, including viral RNA (vRNA) and double-stranded RNA (dsRNA) (Hatada and Fukuda, 1992; Qiu and Krug, 1994; Hatada et al., 1997; Marc, 2014) . The most important function of NS1 is to antagonize host immune responses, and accordingly, deletion of NS1 results in high attenuation of IAVs in interferon (IFN)-competent systems (García-Sastre et al., 1998; García-Sastre, 2011; Marc, 2014; Krug, 2015) . NS1 prevents vRNA-mediated activation of IFN-inducing pathways by sequestering vRNA from its sensor RIG-I, but also by inhibition of RIG-I signalling via interaction with RIG-I or its upstream activators TRIM25 or Riplet (Mibayashi et al., 2007; Opitz et al., 2007; Gack et al., 2009; Rajsbaum et al., 2012) . Phosphorylation commonly regulates distinct activities of multifunctional proteins and also for NS1, numerous phosphorylation sites have been described (Hale et al., 2009; Hsiang et al., 2012; Hutchinson et al., 2012) . However, so far, there is only scarce information on how phosphorylation may control NS1 function.
Results and discussion
To elucidate differentially phosphorylated residues of NS1 during the IAV replication cycle, SILAC-labelled A549 human lung epithelial cells were infected with influenza virus strain A/PR/8/34 (PR8; H1N1) for different times. Mass spectrometry analysis revealed three phosphorylation sites of NS1 at positions S48, T49 and T215.
Interestingly, all three residues were identified as being phosphorylated only at late stages of viral infection presuming a functional switch of NS1 at that time (Fig. 1A, left) . Noteworthy increasing phosphorylation did not simply correspond to increased NS1 expression in infected cells, as expression of NS1 was readily detectable 4 h p.i., whereas virtually no phosphorylation was detectable at that time (Fig. 1A, right) . Phosphorylation of T49 as well as T215 was independently confirmed by immunoprecipitation of NS1 from infected A549 cells followed by mass spectrometry analysis (Data not shown). While phosphorylation of S48 and T215 had been reported before (Hale et al., 2009; Hsiang et al., 2012) , T49 represents a new target site for phosphorylation in PR8 NS1. T215 lies in the ED, whereas both S48 and T49 are located in the RBD (Cheng et al., 2009; Hsiang et al., 2012) . Crystal structure analysis of the NS1 RBD domain showed that T49 but not S48 belongs to key residues in dsRNA recognition and directly contributes to the dsRNA binding by forming hydrogen bonds (Cheng et al., 2009) . Interestingly, in contrast to S48 and T215, T49 represents an evolutionary highly conserved residue (99.8 %) among avian, human and swine IAV isolates. Thus, we focused on the functional analysis of phosphorylation of the newly identified site at T49 compared to T215, which was previously shown to have a minor impact on viral replication (Hsiang et al., 2012) . By reverse genetics we generated recombinant PR8 virus mutants in which T49 or T215 of NS1 were exchanged either for nonphosphorylatable (T49A, T215L) or for negatively charged residues mimicking constitutive phosphorylation (T49E, T215D) (Hoffmann et al., 2000) . To analyse viral replication, MDCKII cells were infected with wt (PR8/  NS1-T49 or PR8/NS1-T215) or mutated PR8 viruses  (PR8/NS1-T49A, PR8/NS1-T49E, PR8/NS1-T215L or  PR8/NS1-T215D) . While T215L or T215D mutations, as suggested from earlier studies (Hsiang et al., 2012) , did not significantly alter viral progeny, exchange of T49 for glutamic acid but not for alanine resulted in significantly decreased viral titers (Fig. 1B and C) , strongly indicating that phosphorylation of NS1 at T49 negatively affects viral replication. This was further confirmed by Western blot analysis of viral PB1, NP and NS1 protein expression in infected MDCKII cells ( Fig. 1D and E) . Significantly attenuated viral replication was also evident in A549 lung epithelial cells infected with the PR8/NS1-T49E virus, thus fully confirming the results from MDCKII cells (Supporting Information Fig. S1 A and B).
As inhibition of type I IFN induction is one of the major tasks of the NS1 protein, we wondered whether the attenuated replication by phosphorylation-mimicry at T49 in the PR8/NS1-T49E virus might be due to increased induction of IFNβ. Therefore, A549 cells were infected with wt or NS1-mutated viruses for different times, and the levels of IFNβ mRNA were investigated by qRT-PCR. Indeed, of all studied NS1 mutants, only the T49E Fig. 1 . Phosphorylation of NS1 at T49 but not T215 attenuates viral replication. A. The NS1 protein is phosphorylated at several sites later in infection cycle. SILAC labelled A549 cells were infected with PR8 (MOI = 5) for the indicated times and were either subjected to a LC-MS/MS analysis as described in experimental procedures or analysed for NS1 expression by Western blotting using mouse anti-NS1 antibody for detection of NS1. ERK2 served as loading control. B, C. Multi-cycle replication kinetics of recombinant PR8 viruses containing wt NS1 or NS1 with different mutations. MDCKII cells were infected with low multiplicity of infection (MOI = 0.01) and supernatants of infected cells were analysed for virus progeny by standard plaque assay. Data represents mean ± SD of three independently repeated experiments. One-way ANOVA followed by Dunnett's multiple comparisons test using T49 or T215 as controls was used for statistical analysis of each time point separately (**p ≤ 0.01). D, E. Viral protein expression in MDCKII cells infected with wt or NS1 mutated PR8 viruses (MOI = 5). Cells were lysed at the indicated time points and subjected to SDS-PAGE followed by Western blotting. Antibodies used were against viral PB1, NP and NS1 proteins. ERK2 served as loading control. mutation conferred a strong IFN gene induction ( Fig. 2A and B), indicating that this mutant is less capable of suppressing the cellular IFN response.
The IFN promoter comprises three functional transcription factor binding sites for AP-1, NF-κB and IRF-3, with IRF-3 being the most important site for virus-specific induction of gene expression downstream of RIG-I. To reveal if IFN promoter activity was influenced by the T49E substitution in NS1, luciferase reporter gene assays with reporter gene constructs harbouring sites for either all three domains of the promoter or for IRF-3-only were performed. We found that in cells stimulated with vRNA, NS1-T49E was less capable of inhibiting the activation of the IFNβ-induced and IRF-3-driven promoter compared with NS1 wt or NS1-T49A ( Fig. 2C and D) . Therefore, NS1-T49E had a severe defect in the ability to suppress the IRF-3 mediated activation of IFNβ expression. This finding strongly suggests that the induction of type I IFN might be responsible for the attenuation of the PR8/NS1-T49E virus. Indeed, this virus mutant lost its attenuation when Vero cells that are devoid of functional type I IFN genes were infected (Fig. 2E ). This finding could also be confirmed in vivo in Ifnar1 -/-mice deficient for the type I interferon receptor (Fig. 2F ). These data strongly indicate that a negative charge at T49 of NS1 abrogates its IFNsuppressive function leading to an attenuated virus phenotype in vitro as well as in vivo.
The IFN antagonistic activity of NS1 involves binding and sequestration of RNA as well as direct interaction with TRIM25 and complex formation with the RNA sensor RIG-I (Mibayashi et al., 2007; Hale et al., 2008) . Therefore, we next addressed whether the observed enhancement of IRF-3 activity and IFNβ expression by PR8/NS1-T49E was due to altered binding or complex formation with RNA and/or RIG-I/TRIM25. Indeed, the RNA binding capacity of NS1-T49E was significantly reduced, indicating that negative charging or phosphorylation of NS1 at T49 negatively affects its RNA Values represent n-fold expression of mock-infected cells and are displayed as mean ± SD of three independently repeated experiments. One-way ANOVA followed by Dunnett's multiple comparisons test using T49 or T215 as controls was used for statistical analysis of each time point separately (**p ≤ 0.01). C, D. Phosphorylation of NS1 T49 suppresses IFNβ promoter activity. A549 cells were transfected with pcDNA3 plasmids containing different NS1 genes and with luciferase reporter gene plasmids harbouring the IFN promotor or the IRF-3 domain only. After 24 h, cells were stimulated with vRNA or cellular RNA and luciferase activity in cell lysates was measured after 6 h. Results represent means ± SD of three independently repeated experiments. Luciferase activity of empty vector transfected, cellular RNA stimulated cells was taken as unity. Statistical significance of vRNA stimulated cells was analysed by one-way ANOVA followed by Dunnett's multiple comparisons test using T49 as control (**p ≤ 0.01, ***p ≤ 0.001). E. Multi-cycle replication kinetics of recombinant PR8 viruses with wt NS1 or NS1 with different mutations in Vero cells infected at a MOI of 0.01. Results represent means ± SD of three independently repeated experiments. F. Viral replication in lungs of C57Bl/6 and C57Bl/6 Ifnar1 -/-mice. Mice were infected with 10 3 PFU of PR8/NS1-T49 or PR8/NS1-T49E and lung virus titers were determined after 3 days. PFU/ml of lung homogenate are presented. Statistical analysis was performed using the Mann-Whitney U test (**p ≤ 0.01).
binding (Fig. 3A) . In addition, based on published structure data of NS1 RBD/dsRNA (Cheng et al., 2009 ), we performed a computational calculation of RNA binding to wt and mutated NS1, which fully matched the experimental data (Fig. 3B ). The effect of single residue change (T49E) on protein structure was further probed using HOPE (not shown) and DUET predication servers (Venselaar et al., 2010; Pires et al., 2014b) . Figure 3C left shows that T49 (in red) sits in close proximity to dsRNA to form hydrogen bonds. In contrast, E49 (in purple), that brings in a RNA-repelling negative charge, is unable to form hydrogen bonds because of a stereochemically incorrect position, which also leads to further structural changes of the RBD that in turn might also influence TRIM25 or RIG-I binding or complex formation (Fig. 3C, right) . The complex formation of NS1 with RIG-I was indeed strongly reduced with the T49E mutant compared with wt NS1 or NS1-T49A, as shown by co-immunoprecipitation assays from cell lysates after transient co-expression of FLAG-tagged RIG-I and NS1 (Fig. 3D) . Consistently, NS1-T49E expressed from a mutant virus in infected HEK293 cells less efficiently co-precipitated endogenous TRIM25 (Fig. 3E) .
In summary, our data demonstrate for the first time that the multifunctional NS1 protein is differentially phosphorylated throughout the replication cycle and that phosphomodification at T49 acts as a molecular switch that alters A. A549 cells were transfected with pcDNA3 plasmids containing wt NS1 or NS1 with indicated mutations or were mock transfected. Cell lysates were subjected to immunoprecipitations 24 h p.i. using mouse anti-NS1 antibody. Washed beads were incubated with vRNA and RNA bound to immunocomplexes was extracted. The relative amount of viral NS1 mRNA was determined by qRT-PCR as described previously (Habjan et al., 2008) . Data represents mean ± SD of two independently repeated experiments. B. Comparative binding scores of RNA to RBD T49E, T49A and T49 as calculated using random forest model from the RNA-protein interaction prediction (RPISeq) tool (Muppirala et al., 2011) . The RNA sequence was obtained from Protein Data Bank (PDB) ID 2ZKO (Cheng et al., 2009) . C. Structural simulation on 2ZKO structure employing DUET (Pires et al., 2014B) was predicted as destabilizing (À0.17 Kcal/mol) resulting in an unfavourable RNA binding ability. The figure shows the stereo-chemical effect of E49 compared with T49. The RNA helix is shown in yellow, while the two monomers of the NS1 dimer are shown in green and blue. NS1 residues T49 and E49 are shown in red and purple respectively. Molecular graphic simulation was performed using Bioblender (Andrei et al., 2012) . D. For analysis of NS1-RIG-I interaction, HEK293 cells transiently expressing FLAG-tagged RIG-I and the indicated NS1 proteins were subjected to crosslinking with DSP after 48 h, followed by quenching with glycine. Control cells were mock transfected. FLAG-tagged RIG-I was immunoprecipitated with anti-FLAG M2 antibody. Detection of FLAG-tagged RIG-I and co-precipitated NS1 protein was performed by Western blotting. Detection of FLAG-tagged RIG-I and NS1 in the cell lysates before immunoprecipitation served as 'input control' ensuring comparable expression levels. E. For analysis of NS1-TRIM25 interaction HEK293 cells were infected with PR8/NS1-T49, PR8/NS1-T49A or PR8/NS1-T49E (MOI of 1, 5 or 10 respectively) or were mock infected (control).Eighteen h p.i. cells were lysed and lysates subjected to immunoprecipitation with mouse anti-TRIM25 antibody. TRIM25 and the co-precipitated NS1 were detected by Western blotting using mouse anti-TRIM25 antibody or mouse anti-NS1 antibody. Detection of TRIM25 and NS1 in the cell lysates before immunoprecipitation served as 'input control' ensuring comparable expression levels. NS1 activity. In early stages, NS1 is unphosphorylated, allowing strong complex formation with RNA, TRIM25 as well as RIG-I, which results in efficient suppression of IFN induction. However, at later stages, NS1 gets phosphorylated at T49, leading to reduced interaction with RNA, TRIM25 and RIG-I. Although it might be argued that our experiments do not provide full evidence of effects on direct binding because of the lack of biochemical assays with purified proteins, we would still tend to conclude that, in reference to published data (Mibayashi et al., 2007; Hale et al., 2008) , the reduced amounts of co-immunoprecipitated RNA, TRIM25 or RIG-I are indicative of an impaired binding that is of biological relevance. This results in decreased IFN antagonistic activity, which might be dispensable at that stage, allowing NS1 to fulfill other important functions that remain to be identified.
It is noteworthy to mention that another interpretation of the data might be that phosphorylation of NS1 at T49 represents an antiviral event induced by the cell to limit viral replication. However, given that residue 49 in IAV NS1 is highly conserved throughout evolution, this interpretation seems to be very unlikely. The virus would have easily escaped that antiviral attack by mutation of the site. Thus, the phosphorylation induced functional switch seems to be important for viral replication. This notion is further confirmed by the fact that, in addition to the T49E substitution, also the non-phosphorylatable T49A substitution negatively affected viral titers and protein expression, although to a much lesser extend. Thus, not only the negative charge at T49 in early stages is unfavourable for the virus but also the lack of phosphorylation in later stages. From the data, it also can be concluded that it is more important for replication to keep NS1 T49 in an unphosphorylated state at early time points than to add a phospho-modification at late stages. In summary, we hypothesize that phosphorylation of NS1 at T49 switches-off its IFN antagonistic activity and may direct the protein to other functions that, e.g. support release of mature viral particles. This switch seemed to be indispensable for efficient viral replication.
Experimental procedures

Cell lines, virus strains and viral infections
The human lung adenocarcinoma cells (A549), the human embryonic kidney cells (HEK293) and the African green monkey epithelial cells (Vero) were grown in Dulbecco's modified Eagle's medium (Sigma-Aldrich). The Mardin-Darby canine kidney cells (MDCKII) were grown in minimum essential medium (SigmaAldrich). Dulbecco's modified Eagle's medium and minimum essential medium were supplemented with 10% fetal calf serum (Merck-Millipore). Cells were cultivated at 37°C and 5% CO 2 under constantly humidified conditions. Human influenza virus A/Puerto Rico/8/34 (PR8; H1N1) wt virus and mutants used in this study were generated by the pHW2000-based eight plasmid reverse genetics system as described elsewhere (Hoffmann et al., 2000) . Infection of either A549 or MDCKII cells was performed at a defined multiplicity of infection (MOI) for the indicated times as described previously (Dudek et al., 2010) . and arginine ( 13 C 6 , 15 N4) were infected with PR8 (MOI = 5) for 0, 2, 4, 6 and 8 h. Thereby 'medium'-labelled and 'heavy'-labelled cells were infected for 2 or 6 h and 4 or 8 h, respectively, while 'light'-labelled cells were always used as non-infected controls (0 h). Lysates from cells infected for 0, 2 and 4 h were mixed equally and used as first sample, while equally mixed lysates from cells infected for 0, 6 and 8 h as second sample. After tryptic digestion samples were subjected to cation exchange chromatography and TiO 2 -based phosphopeptide enrichment chromatography followed by LC-MS/MS analysis on a Proxeon
Phosphoproteomic screening of infected cells
Easy-nLC coupled to an LTQ-Orbitrap XL mass spectrometer.
The data were then processed using Mascot and MaxQuant software (v1.2.2.9) as previously described (Macek et al., 2009; Carpy et al., 2014) . Phosphorylation intensity of NS1 residues was quantified in relation to the amount of total NS1 protein expressed and 'light'-labelled cells in both lysate mixtures were used as controls.
Standard plaque titration
The number of infectious particles in the supernatant of infected cells was determined by standard plaque titration as described earlier (Dudek et al., 2010) . ) for additional 6 h and luciferase activity in cell lysates was determined as described elsewhere (Hillesheim et al., 2014) .
Lysis of cells and Western blotting
RNA pulldown analysis
To elucidate the ability of NS1 to bind RNA, a protocol published previously was adapted (Habjan et al., 2008) . 1.2 × 10 6 A549 cells were transfected with 2 μg pcDNA3 plasmids containing wt NS1 (pcDNA3-NS1-T49) or NS1 with the indicated mutations (pcDNA3-NS1-T49A or pcDNA3-NS1-T49E) or were mock transfected using Trans IT-LT1 transfection reagent (Mirus Bio) according to the manufacturer's protocol. Twenty-four hours later, the cells were lysed in RIPA buffer and cell lysates subjected to immunoprecipitations using mouse anti-NS1 antibody (clone NS1-23-1, IMV Münster) and protein G agarose beads (Roche) for 4 h at 4°C. Subsequently, beads were washed three times with RIPA buffer and incubated with 1 μg vRNA for additional 2 h at 4°C followed by washing with RIPA buffer. RNA bound to immunocomplexes was extracted using RNeasy kit from Qiagen and the relative amount of viral NS1 mRNA was detected by qRT-PCR.
Co-immunoprecipitations
For 
Infection of mice and determination of viral lung titers
To analyse viral replication, in vivo C57Bl/6 mice or C57Bl/6
Ifnar1 -/-mice were infected intranasally with 10 3 PFU of PR8/NS1-T49 or PR8/NS1-T49E in 50 μL PBS and virus titers were quantified by standard plaque titration 3 days later in 10%
(w/v) lung tissue homogenates.
In silico prediction of RNA binding scores
The RNA-protein interaction prediction tool was employed to predict the RNA binding scores for NS1-T49, NS1-T49A and NS1-T49E (Muppirala et al., 2011) . RNA-protein interaction prediction exploits the amino acid composition of protein sequences and ribonucleotide composition of RNA sequences to predict the probability that a given pair (protein and RNA) will NS1 phosphorylation alters IFN-antagonistic activity 789 interact. Two classifiers, the Random Forest and Support Vector
Machine are used to predict the RNA sequence binding affinity with a given protein sequence. The tool utilizes 2 non-redundant benchmark datasets of RNA-protein interactions, RPI2241 and RPI369, extracted from PRIDB, a comprehensive database of RNA-protein complexes extracted from the Protein Data Bank (PDB). The RNA sequence used for predicting the comparative RNA-NS1 protein interaction scores was obtained from PDB ID 2ZKO (Cheng et al., 2009) .
Structural simulation of RNA binding by non-structural protein 1
The effect of the T49E substitution in NS1 on protein structure was calculated using the DUET server (Pires et al., 2014b) . DUET uses an integrated computational approach (Site Directed
Mutator and mutation Cutoff Scanning Matrix) for predicting effects of mutations on protein stability. Site Directed Mutator compares amino acid propensities for the wt and mutated proteins in the folded and unfolded states in order to estimate the free energy differences. Mutant Cutoff Scanning Matrix uses a machine learning method to predict the effects of missense mutations based on structural signatures (Topham et al., 1997; Pires et al., 2014a) . Structural simulation was performed on PDB ID 2ZKO. The molecular graphic simulation was performed using
Bioblender (Andrei et al., 2012) . 
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